Abstract: A composite controller is proposed for the dc-to-dc buck converter. The controller developed is intended to be used in high performance applications and yet keeping a simple configuration. It combines the features of the one-cycle, PID, and sliding-mode controllers. Some characteristics provided by these controllers are: the rejection of the source variations on the output voltage, a good dynamic response and the robustness of the sliding mode controller. Furthermore the switching frequency is kept constant.
INTRODUCTION
The accelerated improvement of power components, their low cost and high efficiency are rapidly broadening the applications of the high frequency switching converters. At the same time, a considerable effort is being dedicated to improve their control because, in most of the new applications, a high closed-loop performance is needed. Due to its simplicity, the buck topology is the most widely used for fundamental power electronics applications such as voltage regulation. Because its average model is linear, a simple proportional or a PI controller provides a good performance in many applications. However, when faster and more robust response is required, more involved controllers have to be designed, particularly when large load variations are present.
Two important problems in the control of buck converters are that the input voltage is usually nonregulated, and the load is unknown and could be highly nonlinear. A lot of designs have been proposed to enhance the buck converter behavior, many of them dealing with important implementation issues such as the simplicity and reliability of the control circuit. Typically, the PID controller or frequency response methods are used to synthesize the control signal. Average current and sliding mode control techniques have been proposed to be employed in high performance applications. In the average current method the voltage is controlled trough the current in an indirect way. Because the inductor current is a passive output a high gain controller can be used without risking the stability of the closed-loop system. However, a reference for the current is needed and a second loop must be introduced to generate this reference. Furthermore other practical problems can arise with this method if the duty cycle is larger than 0¤ 5 (Tse, 1994) . The sliding mode (SM) technique (Utkin, 1992) , such as it has been conceived until now, does not use the duty cycle as the control variable; instead, it directly drives the on/off position of the switch, resulting on a nonconstant switching frequency (Mattaveli et al., 1993; Sira-Ramírez, 1987; Venkatamaran et al., 1985) . To have variable frequency can be a major drawback in some applications and is not widely accepted in the engineering community (Mattaveli et al., 1993) . Some modifications to reduce the variation of the switching frequency associated to the sliding mode controller have been proposed in (Mattaveli et al., 1993; Nguyen and Lee, 1995) . Such modifications include the introduction of a hysteresis band or a switching delay.
Although feedback controllers reduce the influence of power supply variations on the output voltage, a feedback controller alone can not completely eliminate this influence. Recently, a simple scheme that completely rejects the input voltage variations has been proposed. The so called one-cycle control (OCC) also corrects the non-idealities of the circuit components, among other useful practical advantages (Smedley and Cuk, 1995) . However, because the OCC does not take into account the actual output voltage, it is affected by load variations.
In this paper a controller that combines the features of the PID, SM, and OCC methods is proposed. The controller is based on the combination of the OCC and the Universal Integral controller proposed in (Khalil, 2000) . In essence, this is a sliding mode controller in which the sliding surface is described by the PID terms, and where the sign function that is usually associated to the sliding mode technique (Utkin, 1992 ) is approximated by a saturation function. The entire scheme controls, in a nonlinear way, the duty cycle, such that the switching frequency is kept constant, combining the features of the PID, SM, and OCC controllers. Moreover, the controller takes into account the bound on the control signal in the converter. Although the scheme proposed is somewhat simple, so is not the theory behind it, which is based on the singular perturbations theory of differential equations. Recently, it has been formally proved (Khalil, 2000) that the PID controller can be tuned to achieve semiglobal stability for a general, relative degree-two, minimum-phase, nonlinear system. A direct application of the theory presented in this reference assures global stability for dissipative loads and local stability for non-dissipative ones.
The paper is organized as follows. The circuit, its model, and the classical control scheme, are presented in the following Section. In Section III the proposed controller is described. Some design issues and a numerical example are developed in Section IV. Finally, some conclusions and comments for further research are given in the last section. 
THE BUCK CONVERTER
The buck converter is shown in figure 1 . The aim is to make the output voltage tracks a reference, without dependence on the load and source voltage variations, by governing the switch position. In applications, the source voltage is usually non-regulated, eventually having large variations. Furthermore, the load is not exactly known and may be also varying; only its minimal value is prescribed in the design stage.
The average model is a standard tool for analyzing switching converters. A formal mathematical approach can be found, for example, in (Farkas, 1994) , and (Erickson et al., 1982) . See (Smedley and Cuk, 1994) for a physical interpretation view. In particular, the average model for the buck converter is given by the equations
where x 1 is the average capacitor voltage, x 2 is the average inductor current, V g is the voltage source, and R is the load. The duty cycle d is the control variable. The model (1) assumes ideal components. It is valid if the switching frequency is large enough and the inductor current is away from zero. These conditions are usually called the continuous conduction mode. It is important to mention that component non-idealities can become important for some applications such as in low voltage regulation.
Figure 1 also shows the classical control scheme for the buck converter. In this scheme, the feedback controller commands the duty cycle which is transformed by a PWM into a switch position. For achieving this transformation, the PWM compares the duty cycle signal with a sawtooth function; in this way the switching frequency is kept constant (Kassakian et al., 1991) .
The feedback controller can reduce the influence of the source variations on the capacitor voltage; however, it can not reject completely this influence. The one-cycle control, which is described in the next section, eliminates this problem.
3. THE PROPOSED CONTROLLER Figure 2 shows the control scheme called one-cycle controller (OCC). This controller can reject the influence of the source variations on the capacitor voltage. At the same time, it gets rid of some nonidealities effects of the power components (Smedley and Cuk, 1995) . Basically, the OCC consists of a clock, a comparator, and an integrator with reset. The switching period is set by the clock. At the beginning of each cycle the transistor is turned on and the diode voltage is integrated until the integral reaches the value V re f . At this moment, the transistor is turned off and the integrator is reset until the next cycle. This process assures that at every switching period the average voltage supplied to the RLC circuit is equal to V re f , independently of the source voltage variations. The duty cycle is implicitly set by the equation
where v s is the instantaneous voltage of the diode and V s its corresponding averaged value, which is the voltage introduced to the RLC filter. By forcing that V s V re f at each cycle, the output voltage is decoupled from the source variations. However, because the effect of the OCC is to leave the filter in an openloop configuration, the capacitor voltage is completely affected by load changes. Even that this output can return to the reference value, the convergence is governed by the circuit parameter values, and the OCC alone can not make the convergence faster if voltage feedback is not included.
Feedback can be introduce in an easy way, as is shown in figure 3 . If the output u of a feedback controller is introduced to the OCC instead of introducing V re f , the OCC operation principle cause that the average voltage introduced to the RLC circuit be u. Therefore, the feedback controller should be designed for the system
and combine it with the OCC.
From the control point of view, the model (2) is a system with bounded control and unknown parameter R. Many controllers have been proposed for this system by both control and power electronic specialists. In most of these procedures a known load R is assumed. Modern robust control techniques generally use high gain and/or integral actions to control systems with unknown parameters. Many results from these methods could be applied to system (2); however, these procedures are often so complicated that a microprocessor becomes necessary for the implementation, which make these methods unfeasible. Another approach that yields a simple implementation is the algorithm based on the universal integral controller, proposed by Khalil (Khalil, 2000) , which can be implemented by using linear circuits. For system (2) this controller is given by
with,
where e denotes the error given by e x 1 ¡ V re f andė is the approximation of the derivative estimated by the high gain observer
withê 1 ê,ê 2 ˙ê . µ and ε are small, positive parameters. The parameters α 1 , α 2 , β 1 and β 2 , are to be calculated. The controller (3, 4) is a sliding mode controller where the sign function is approximated by the saturation function and the sliding surface is defined by the PID terms. Similar to the slide mode control technique, the goal is to make σ 0.
Becauseê 2 is the only term of the observer that is used in the controller, the observer 4 can also be expressed by the transfer function
Recently, it has been proved that the controller (3, 4) stabilizes locally any minimum phase, relative degreetwo system, even if this is nonlinear, open loop unstable, and has unknown parameters (Khalil, 2000) . It is important to point out that the observer (5) is not included just to provide the approximation of the derivative; if this were the case it could be approximated by a first order filter, but in this case the observer is part of the controller. Its structure is very important to prove the stability. More details about this characteristics can be found in (Khalil, 2000) .
DESIGN ISSUES
It is not necessary to implement the saturation function in the feedback controller, because this is performed by the OCC. If u is not in the interval ¢ 0£ V g¤ , then the duty cycle is set to 0 or 1 by the one-cycle controller. Therefore, to construct the feedback controller the implementation of the term σ ¥ µ is sufficient. That is, a high gain PID controller where the derivative is approximated by a second order filter, described by the equation
which can be implemented by the circuit shown in figure 4 . It is important to point out that, although the implementation seems to be linear, the saturation is taken into account in the design; so u is a nonlinear function of the error. Furthermore, because the OCC operation principle, the duty cycle is a nonlinear function of the control u
Parameter tuning
Unlike traditional PID design, where the saturation is not present, in the proposed procedure the saturation is part of the controller. Therefore, the Ziegler-Nichols rule is not well suited to tune the controller parameters. For this purpose the system can be normalized using the following transformations
and the time scaling t
Under these transformations the model (2) becomeṡ
where the derivative is taken now with respect to the scaled time τ. The parameter Q is known as the quality factor of the converter. Normalization is helpful because in this case the controller parameters are about the unity. Notice that if a controller for system (7) is designed using the expression (6), then the nonnormalized control, that is the control for system (2), would be given by
To tune the parameters simulations and differential equations theory should be combined. First assume thatê 2 is known and tune the parameters α 1 , a 2 , and µ (suppose k 1). Similar to the ideal sliding mode controller, the underlying idea of the control is to make
so by modifying the relation between the constant α 1 and α 2 , the way the error converges to zero can be changed. It is well known that there is a relationship between the maximum overshoot and the settling time for the eq. (10). In other words the maximum overshoot and the settling time can not be settled independently but with a compromise. α 1 and α 2 can be selected to get a relationship between the overshoot and settling time that suits the particular application needs.
After tuning α 1 and α 2 the parameter µ is decreased starting from one (this decreases the overshoot and the settling time in the same proportion) until good response is obtained. β 1 and β 2 are tuned with the same criteria used for tuning α 1 and α 2 and decrease the parameter ε until a good estimation is achieved. Then the observer is introduced in the controller. If needed, decrease ε until a good performance is achieved. After the parameters of normalized control have been adjusted the nonnormalized one is calculated using (8).
Example
Let us consider the buck converter with the values V g 5V, L 1¤ 2µH, C 1¤ 22µF, R 0¤ 16Ω, and V re f 1¤ 6V. Based on the discussed ideas and guided by simulations the normalized parameters are proposed to be α 1 1¤ 4142, α 2 0¤ 5, µ 0¤ 02, β 1 2, β 2 2, and ε 0¤ 01. Figure 5 shows the performance obtained when control (3,5) is applied to the system (2). From the figure, it can be observed the performance at the start-up as well as the response to sudden changes in load. For comparison, the figure also includes the performance of a lead-lag controller (Chachairkan, 2000) . Figure 6 is aimed to show the performance of the circuits under severe condition. It shows the response to a load that is a nonlinear function of the output voltage.
It is important to point out that Figures 5,6 were obtained applying control (3, 4) to model (2 ), so the usefulness of OCC is not appreciate in these pictures. The OCC effects is better observed in a circuit oriented simulation setting and of course, in the real implementation, which will be the next stage of this work. Note that the control is in the interval [0, 5] , and it is the OCC which changes the control into the appropriate duty cycle. A combination of control theory and engineering practice yields the controller for the buck converter proposed in this paper. It combines the features of three popular control methods: one-cycle control, PID and sliding mode, while it maintains a simplicity that makes it feasible in a real application. The nonconstant switching frequency drawback associated with the sliding mode controller is removed in the proposed scheme. The theory which it is based on assures global stability for unknown dissipative loads. The performance of this scheme is better than that exhibited by classical techniques.
A key characteristic of the buck circuit which is not shared by other converters is the minimum phase property. Such property is fundamental in the stability proof, so the proposed controller can not be extended without modifications to other converters. The robust control of non-minimum phase system is a challenging problem in control theory, and further research is necessary to bring its results into the engineering practice.
